Although prefrontal cortex has been implicated in the cognitive regulation of emotion, the cortical-subcortical interactions that mediate this ability remain poorly understood. To address this issue, we identified a right ventrolateral prefrontal region (vlPFC) whose activity correlated with reduced negative emotional experience during cognitive reappraisal of aversive images. We then applied a pathwaymapping analysis on subcortical regions to locate mediators of the association between vlPFC activity and reappraisal success (i.e., reductions in reported emotion). Results identified two separable pathways that together explained $50% of the reported variance in self-reported emotion: (1) a path through nucleus accumbens that predicted greater reappraisal success, and (2) a path through ventral amygdala that predicted reduced reappraisal success (i.e., more negative emotion). These results provide direct evidence that vlPFC is involved in both the generation and regulation of emotion through different subcortical pathways, suggesting a general role for this region in appraisal processes.
INTRODUCTION
If our emotions are woven into the fabric of human life, then our ability to regulate them keeps us from coming unraveled. In the best of circumstances, successful regulation leaves us feeling frayed around the edges. In the worst of circumstances, regulatory failures take a severe toll and contribute to the genesis and symptomatology of many psychiatric disorders (Davidson et al., 2000; Phillips et al., 2003) .
In the past few years, brain-based models of emotion regulation have been developed that can be extended to clinical contexts. These models have established the prefrontal cortex (PFC) as a key player in the cognitive regulation of emotion (Davidson, 2002; Ochsner and Gross, 2005) . Numerous fMRI studies have observed increases in activity in the ventrolateral, dorsolateral, and dorsomedial prefrontal cortices (vlPFC, dlPFC, and dmPFC, respectively) when participants are instructed to deploy cognitive strategies that reduce negative emotional experience (Ochsner and Gross, 2005) . Perhaps the most well studied such strategy is reappraisal, which involves reinterpreting the meaning of affective stimuli in ways that alter their emotional impact.
It is typically assumed that the beneficial effects of reappraisal are accomplished via interactions between PFC regions and subcortical networks related to emotional responding (Beauregard et al., 2001; Eippert et al., 2007; Goldin et al., 2007; Kalisch et al., 2006; Kim and Hamann, 2007; Ochsner et al., 2004; Phan et al., 2005; Urry et al., 2006; van Reekum et al., 2007) . According to this mediation hypothesis ( Figure 1A ), PFC activity reduces negative emotion by influencing subcortical systems implicated in affective appraisal and learning processes, which in turn impact reported emotional experience.
Alternatively, the direct pathway hypothesis ( Figure 1A ) suggests that successful reappraisal is directly related to cortical activity and minimally impacts evolutionarily older subcortical systems. This hypothesis suggests that reappraisal-as a form of cognitive reinterpretation-primarily impacts cortical systems involved either in cognitive appraisals (Barrett et al., 2007; Ochsner and Barrett, 2001; Scherer, 2001) or in assessing changes in one's subjective emotional state (McRae et al., 2008b) . Discriminating between the mediation and direct hypotheses is critical because it concerns how deeply reappraisal penetrates the emotional appraisal process.
The results of some prior studies are consistent with the mediation hypothesis, but none have tested the complete mediation pathway and instead have examined only separate portions of it. For example, prefrontal correlates of reappraisal success (Ochsner et al., 2002 (Ochsner et al., , 2004 Ohira et al., 2006; Phan et al., 2005; Urry et al., 2006) , prefrontal-subcortical correlations (reviewed in Gross, 2005, 2008) and subcortical activity-experience correlations (Ochsner et al., 2004; Phan et al., 2005) have all been reported. In part because these results come from separate analyses, the PFC and subcortical regions involved differ from study to study, and no coherent mediation model has emerged. What is needed is a direct, formal test of whether subcortical regions of interest (ROIs) mediate the relationship between key PFC regions and reappraisal success.
In this paper, we tested alternative models of how PFC activity is related to reappraisal success. This relationship could be mediated by activity in subcortical ROIs, or it could be direct, without mediation through subcortical pathways. Testing these alternative models entailed identifying candidate PFC regions using a conventional statistical parametric mapping analysis of correlates of reappraisal success, and then testing for mediation of the PFC-reappraisal success relationship in subcortical regions.
Assuming that the relationship between PFC activity and reported emotional experience is subcortically mediated, we hypothesized that systems involved in negative or positive affect-or both-could be mediators ( Figure 1B) . On one hand, we predicted that the PFC could influence activity in regions associated with negative affect, such as the amygdala and insula (Etkin and Wager, 2007; Wager et al., 2008) . The amygdala is the affect-related region most commonly modulated during reappraisal Gross, 2005, 2008) ; it has been implicated in detecting, attending to, and encoding into memory affectively arousing and especially threatening stimuli (Holland and Gallagher, 1999; Phelps, 2006; Whalen, 1998) , and it is hyperactive across a range of anxiety disorders (Etkin and Wager, 2007) .
On the other hand, we predicted that PFC could also influence activity in regions associated with positive affect, such as the nucleus accumbens (NAC) and nearby ventral striatum (VS). These regions have been consistently implicated in reward learning (McClure et al., 2003; Schultz, 2004) , reward expectancies (Breiter et al., 2001; Cromwell and Schultz, 2003) , and paindiminishing placebo effects Wager et al., 2007) , as well as approach motivation more generally (Tindell et al., 2006; Wager et al., 2007) . Striatal activity has been reported in reappraisal studies, although its functional role has not been clarified (McRae et al., 2008a; Ochsner et al., 2002 Ochsner et al., , 2004 van Reekum et al., 2007) .
Importantly, the PFC could be associated with activity in both kinds of cortical-subcortical pathways simultaneously. Because most studies have investigated brain-behavior relationships one brain region at a time, their results cannot be used to develop models in which two or more brain pathways make independent contributions to emotion regulation or any other behavior. Thus, in addition to providing direct tests of whether subcortical regions mediate the PFC-reappraisal success relationship, we developed an analysis strategy to parse the contributions of multiple brain pathways to a psychological measure of interest-in this case, reappraisal success.
To this end, we developed a procedure for locating multiple brain mediators, which we term Mediation Effect Parametric Mapping (MEPM). The approach is built on standard approaches from structural equation modeling and can be used to test specific hypotheses about brain pathway-behavior relationships. The use of mediation analysis to test relationships among variables has a long history (Baron and Kenny, 1986; Hyman, 1955; MacCorquodale and Meehl, 1948) . What is new, however, is (1) the construction of statistical parametric maps of mediation tests, which permits mapping of multiple brain regions that satisfy the formal criteria for mediators, and (2) application of clustering methods to examine how multiple mediating regions are organized into networks. These developments allowed us to test whether multiple PFC-subcortical pathways make independent contributions to reappraisal success.
RESULTS
We performed a series of analyses designed to identify prefrontal-subcortical pathways linked to reappraisal success. We defined reappraisal success as the decrease in reported emotion when applying a cognitive reappraisal strategy to aversive images (ReappNeg trials) versus experiencing the natural emotional response to aversive images (LookNeg trials). Thus, reappraisal success scores were the [LookNeg À ReappNeg] values for each participant. We chose emotion self-reports as an outcome because they are stable and reliable, they predict numerous mental and physical health outcomes (Gross and Munoz, 1995; Moskowitz, 2003; Tugade et al., 2004) , and no other measure provides a direct correlate of emotional experience. We applied MEPM and multivariate clustering methods to relate reappraisal success with reappraisal-related increases in brain activity, which we defined as values for the [ReappNeg À LookNeg] contrast for each participant.
Analyses of emotion reports showed that aversive images evoked substantially stronger negative emotion reports (mean = 3.60 points, SE = 0.10) than neutral images [mean = 1.33, SE = 0.03; paired t test t(35) = 22.3, p < 0.0001]. Reappraisal of negative images resulted in robust reductions in emotion reports [ReappNeg mean = 2.65, SE = 0.10, an average reduction of 0.95 points, paired t(35) = 8.83, p < 0.0001; see Figure S2 available online and Experimental Procedures for additional details]. We refer to this reduction in reported emotion as reappraisal success in subsequent analyses.
fMRI analysis proceeded in a sequential series of steps.
(1) First, we identified regions showing significant reappraisalrelated activation. (2) Then, we used standard statistical parametric mapping to locate voxels from Step 1 in which reappraisal-related activation predicted reappraisal success. From among the resulting regions, we focused specifically on the right vlPFC (rvlPFC) as a predictor in subsequent analyses. (3) The next step was to conduct mediation analysis in subcortical ROIs. We defined ROIs in the amygdala and NAC/VS and tested whether voxels in each region mediated the vlPFC-reappraisal success relationship. (4) To locate additional regions, we used MEPM to generate a whole-brain map of mediators (4a), and then used cluster analysis to group these mediators into coherent networks and tested their independence from one another (4b). (5) Finally, we considered whether other candidate PFC regions showed similar relationships with reappraisal success mediated by NAC and amygdala.
Reappraisal-Related Activations
Results from the [ReappNeg À LookNeg] contrast are shown in Figure 2A and Table S1 (available online), controlling the expected false discovery rate (FDR) in whole-brain search at q < 0.05 (Genovese et al., 2002) . Consistent with previous work, we observed increases (orange/yellow in Figure 2A ) in a number of PFC regions. Dorsal and ventral PFC were active bilaterally, including the inferior frontal junction (IFJ), inferior frontal gyrus (IFG), middle frontal gyrus (Brodmann's Area [BA] 8/9), and anterior PFC (BA 10). Medial PFC regions included anterior cingulate (BA 24) and dmPFC in and anterior to pre-SMA (BA 9). Posterior cortical regions included the inferior parietal lobule (IPL), angular gyrus, and middle and inferior temporal gyri extending into anterior temporal cortex (aTC). Activations appeared to be more reliable on the left, though we did not perform detailed analysis of laterality effects. Decreases during reappraisal (blue in Figure 2A ) were found in the parietal operculum, around SII, and in the parahippocampal cortex.
Identification of Potential Predictor Regions:
Correlates of Reappraisal Success Voxel-wise regression analyses identified eight regions in which reappraisal-related activation was significantly predicted by reappraisal analysis, shown in Figure 2B and reported in detail in Table 1 (p < 0.005 and k = 3 contiguous voxels; see Experimental Procedures for details). Only voxels identified in Step 1 above were subjected to analysis. Reappraisal-success-related regions included bilateral vlPFC (see also Figure 2C ) and temporal regions, pre-SMA and dmPFC, left IPL, and right caudate. The cluster in rvlPFC, identified by its position on the IFG on the mean normalized anatomical image for our participants, was used as the predictor ROI in subsequent mediation analyses. Analysis steps 3 and 4a use this region as a frontal predictor region in MEPM analyses. Analysis steps 4b and 5 explore the relationships between rvlPFC and other cortical regions correlated with reappraisal success.
We chose vlPFC as the focus region for three reasons. First, vlPFC-and especially rvlPFC-is well known as a region critical for cognitive control in general, and response inhibition or the selection of information in particular (Aron and Poldrack, 2005; Badre and Wagner, 2005; Nee et al., 2007; Phillips et al., 2003) . Second, studies of reappraisal and other cognitive means of regulating affective responses (Cunningham and Zelazo, 2007; Lieberman et al., 2007) have consistently activated rvlPFC. Third, activation measures in vlPFC have been shown to be abnormal in emotional disorders (Drevets et al., 1992; Lawrence et al., 2004) . This choice was necessary to search for mediators, but we did not expect it to be the only important PFC region. As we describe below, subsequent analyses searched for additional PFC regions whose relationship with emotion was mediated by subcortical ROIs.
We also conducted a whole-brain exploratory search for correlations with reappraisal success to locate regions that may have been missed in our more constrained masked analysis (q < 0.05, FDR-corrected, p < 0.0005). The results largely confirmed those in our constrained search, including bilateral vlPFC and pre-SMA, but also identified additional regions shown in Figure S3 , including the dorsal thalamus, caudate body, and caudate head extending into the NAC/VS; and parahippocampal cortex, cingulate isthmus (which bridges the posterior cingulate and medial temporal cortices), and area around periaqueductal gray (PAG). Whole-brain mediation and network analyses (Section 4a) identified some of these regions as significant mediators, and we explored their relationship to the key ROIs in our study in Section 4b below.
Testing the Amygdala and NAC/VS as Mediators Using A Priori ROIs
With the rvlPFC region identified as the predictor, and reappraisal success as the outcome (Figure 1 ), the next step in the MEPM analysis was to search, voxel by voxel, for mediators of the rvlPFC-reappraisal success relationship within two subcortical ROIs that were of a priori interest: the amygdala and NAC/VS.
For a variable to be considered a significant mediator, we required that it reach statistical significance in each of three tests (at p < 0.005 and three contiguous voxels in each), which were conducted as part of the same path model. First, the predictor variable (rvlPFC) must be related to the mediator (voxel in amygdala or NAC/VS), a link which we refer to in the text and all figures and tables as path a. Second, the mediator must be directly related to the outcome (reappraisal success), controlling for vlPFC (path b). Finally, the mediation effect must be significant (effect a*b), which amounts to a statistical test on the product of the a and b path coefficients, or equivalently, a test that the predictor-outcome relationship (vlPFC-reappraisal success) is significantly reduced by including the mediator in the path model. The threshold of p < 0.005 and three contiguous voxels controlled the family-wise error rate at p < 0.05 corrected in each region (see Experimental Procedures).
According to standard conventions for mediation analysis, we refer to the overall predictor-outcome relationship as effect c, and the direct effect controlling for the mediator as c 0 . Thus, the a*b effect tests the significance of c -c 0 . In statistical reports and figures, a refers to the vlPFC-mediator relation, b refers to the direct mediator-reappraisal success relation (controlling for vlPFC), and a*b refers to the mediation effect.
For the amygdala analysis, we manually identified amygdala ROIs in gray matter on the average T1 image from our sample after warping to Montreal Neurologic Institute ( through the amygdala, perhaps due to PFC-related appraisal processes that support the generation of negative responses to emotional pictures. Figure S4 shows path diagrams and scatterplots for path analyses in both amygdala and NAC/VS. In this and other figures showing ROI analyses, the region contiguous with the significant cluster is shown at p < 0.005 (dark blue), p < 0.01 (light blue), and p < 0.05 (purple; all two-tailed), including the extent beyond the ROI boundary. Results are reported for search only within regions that showed significant reappraisal in the group at q < 0.05 corrected (FDR). Significant regions within this reduced search space were thresholded at p < 0.005, three contiguous voxels. The extent of each region is listed at p < 0.01 and p < 0.05, uncorrected. CAU, caudate; dmPFC, dorsomedial prefrontal cortex; IPL, intraparietal sulcus; MTG, middle temporal gyrus; PHCP, parahippocampal cortex; Pre-SMA, pre-supplementary motor area; vlPFC, ventrolateral prefrontal cortex; Vox, voxels; Vol, volume in cubic mm. Figure S4 shows the significant region and contiguous voxels at p < 0.005 (yellow), p < 0.01 (orange), and p < 0.05 (pink; all two-tailed). We then tested whether each region was a significant mediator of rvlPFC-reappraisal success correlations while controlling for effects attributable to the other region. We averaged over voxels in each region and included both amygdala and NAC/ VS in the same path model. This analysis tests whether the results, shown in Figure 3 , indicated that each subcortical pathway makes an independent contribution to reappraisal success. rvlPFC was positively associated with both amygdala (a amy = 0.42, SE = 0.15, p < 0.01) and NAC/VS (a NAC/VS = 0.57, SE = 0.17, p < 0.001). Consistent with the individual mediation analyses, the two subcortical regions had opposite associations with reappraisal success: increasing amygdala activity was associated with reduced success (b amy = À0.19, SE = 0.06, p < 0.001), whereas increasing NAC/VS activity was associated with increased success (b NAC/VS = 0.18, SE = 0.09, p < 0.05). Finally, both regions were significant mediators (ab amy = À0.11, Z = À2.83, p = 0.01; ab NAC/VS = 0.07, Z = 2.31, p = 0.002), indicating that each explains a part of the rvlPFC-reappraisal success covariance while controlling for effects attributable to the other mediator.
Because each pathway had an opposite effect on reappraisal success, this suggests that the rvlPFC-reappraisal success correlation is partially masked by their opposing effects. The correlation between vlPFC and reappraisal success was only moderately significant (r = 0.43, p = 0.018) without controlling for any additional regions, and was much stronger (r = 0.66, p < 0.0001) when controlling for amygdala activity.
These results demonstrate the advantage of the mediation approach over a simple bivariate (i.e., two-variable, no mediators or confounding variables) correlation approach. To more fully illustrate this advantage, we tested bivariate correlations with reappraisal success in the amygdala and NAC/VS. The left panel of Figure 4A shows the results in the amygdala ROIs (again including contiguous significant voxels extending outside the ROI), demonstrating significant negative correlations with reappraisal success (peak r = À0.54, p < 0.005, one-tailed; Figure 4D ). However, a small subset of voxels show significant effects in the amygdala ROIs (one voxel at p < 0.005, three at p < 0.01, and five at p < 0.05, one-tailed). Figure 4B shows direct amygdalareappraisal success associations, controlling for rvlPFC. Much stronger effects are apparent (32 voxels in the amygdala at p < 0.005, 44 at p < 0.01, and 78 at p < 0.05, two-tailed; Figure 4F ). The NAC/VS showed strong positive correlations with reappraisal success ( Figure 4E , p < 0.0004, whole-brain FDR corrected q < 0.05), which were somewhat reduced but still strongly significant after controlling for vlPFC ( Figure 4F ). Overall, the results confirm our prior expectations that amygdala and NAC/VS activation would show negative and positive brain-behavior correlations, respectively, and they demonstrate the value of the path modeling approach.
Identifying Mediating Networks Localized with MEPM Analysis
One important issue with the preceding results is that activity in other emotion-related regions might also play a mediating role in the vlPFC-reappraisal success relationship. In order to examine how the amygdala and NAC/VS fit into distributed networks that might underlie reappraisal success, we performed a whole-brain search for mediators of the rvlPFC-reappraisal success relationship. Then, significant regions from this mediation effect map were subjected to component analysis and clustering into interconnected networks. Finally, the average contrast values within each network were entered into a path model as mediating variables, with one mediator per network. This analysis tested whether multiple distributed networks make independent contributions to reappraisal success.
Results of the whole-brain search for mediators are shown in Figure 5A on medial and limbic surfaces (left and center panels, respectively) and on sagittal and coronal slices (right panel). These included several regions with positive indirect effects, including NAC/VS and neighboring subgenual cingulate and VS, pre-SMA, precuneus, superior frontal gyrus, dorsal caudate, and the cingulate isthmus. Regions showing negative indirect effects included bilateral amygdala, ventral anterior insula, rostral dorsal anterior cingulate (rdACC), and two regions in the subthalamic zone (near the ventral thalamus and hypothalamus). Stereotaxic coordinates and statistics for all mediators are shown in Table 2 .
Cluster analysis combined with nonparametric inference (Etkin and Wager, 2007 ; see Supplemental Data for details) revealed evidence of two clusters, one consisting of the positive mediators (yellow in Figure 5B ) including NAC/VS, and the other of the negative ones (blue in Figure 5B ) including amygdala. These networks are shown in the context of the path model in Figure 5B . Regions in each network are shown on brain surfaces, with solid black lines connecting pairs of regions that are significantly correlated (q < 0.05, FDR-corrected) and whose correlation is not mediated by any single other region. Thus, grouping the set of positive mediators and the set of negative ones seemed to provide a sensible first-order grouping of the results, and further subdivision was not warranted by the data.
To assess the overall organization of these regions and their relationship with vlPFC activity and reappraisal success, we next averaged over voxels from all the regions within each network to obtain average [ReappNeg À LookNeg] contrast values for each network. We included the average scores from each network in the mediation model. This step was employed to avoid multicolinearity problems that make many multivariable SEM models inestimable or unstable and difficult to interpret. Path coefficients and standard errors are shown in Figure 5B . As before, both the positive and negative mediating networks were positively correlated with rvlPFC, but their direct effects on reappraisal success had opposite signs: the amygdala/insula/rdACC network (blue) was associated with reduced success, and the NAC/VS/cingulate isthmus/pre-SMA/precuneus network was associated with increased success. Scatterplots and estimates of the probability distribution of the indirect effects (a*b, see Experimental Procedures) are shown for each network in Figure 5C .
Search for Additional Prefrontal Predictor Regions with MEPM Analysis
In our previous analyses, we chose rvlPFC as a frontal predictor or ''seed'' region based on prior anatomical and functional evidence. A natural question, however, is whether other frontal regions are similarly related to emotional experience through the cortical-subcortical pathways we describe. The MEPM analysis framework also provides a facility for searching for these mediated regions (i.e., regions that satisfy all requirements for mediated regions), given a chosen outcome and mediating pathway. We searched for frontal regions mediated by either left NAC/VS or left amygdala (averaging over voxels in each region) and controlling for the other (see Experimental Procedures for details). The results of each analysis are shown in Figure 6 , and coordinates and statistics for each significant region are listed in Table S1 . The regions include the frontal regions that are part of the network shown in Figure 5 , including pre-SMA and superior frontal sulcus, as well as bilateral vlPFC and several other regions on the medial wall: medial frontal pole (MFP) and ventromedial PFC, including subgenual cingulate cortex (SGACC) and medial orbitofrontal cortex (OFC). Notably, the rostral medial PFC was also strongly, positively correlated with reappraisal success in the bivariate correlation analysis ( Figure S2 ), providing additional support for the involvement of the medial frontal cortex in successful downregulation of negative emotion. Thus, as expected, the rvlPFC is part of a set of frontal regions whose activation during reappraisal predicts drops in reported experience, to the degree that they coactivate with NAC/VS.
DISCUSSION
Previous studies of reappraisal of negative emotional stimuli have found activations in a number of prefrontal cortical areas, reductions of amygdala activity, and changes in reported emotion Gross, 2005, 2008) . However, the full-path model (Figure 1 ) linking these effects has not been tested. Furthermore, reappraisal success and related outcomes have typically been regressed against brain activity one region (or voxel) at a time, precluding the development of models in which multiple pathways make independent contributions. We addressed these issues by developing and applying MEPM, the voxel-by-voxel analysis of formal mediation effects in a path modeling framework. Specifically, we addressed (1) whether the prefrontalemotional response relationship was direct or instead mediated via subcortical brain systems involved in emotional appraisal, and (2) whether multiple subcortical pathways might make separable contributions to successful reappraisal. Our findings both replicated prior work and provided information that brain regions implicated in reappraisal are organized into at least two independent cortical-subcortical networks. Replicated findings include: (1) reappraisal-related increases in multiple frontal, parietal, and temporal regions (reviewed in Ochsner and Gross, 2005) , (2) decreases in the amygdala correlated with self-reported negative affect, and (3) correlations of prefrontal activation with reappraisal success.
Of the eight brain regions both activated and correlated with reappraisal success, the rvlPFC was of particular interest, because of its association in previous studies with reappraisal and other cognitive forms of emotion regulation (Cunningham and Zelazo, 2007; Kim and Hamann, 2007; Lieberman et al., 2007; Ochsner et al., 2004) and selection and inhibition of information in general (Aron and Poldrack, 2005; Nee et al., 2007) , and its dysfunction in clinical populations (Phillips et al., 2003) . Mediation analyses showed that reappraisal-induced activation in this region was positively associated with activity in both amygdala and NAC/VS, and that both of these regions independently mediated the relationship between vlPFC and reported reappraisal success. Successful regulation was related to both increases in the NAC/VS pathway and decreases in the amygdala pathway.
Implications of Dual Routes for Reappraisal Effects on Emotion
The finding that two independent networks mediated the impact of PFC on emotional experience suggests that reappraisal success can be understood in terms of how PFC controls the nature and relative balance of negative and positive appraisals of a given stimulus. This interpretation is supported by our findings that PFC activity is associated with at least two subcortical pathways, one including NAC/VS and the other including the amygdala. Though NAC/VS and amygdala activity are not expected to be pure markers of positive and negative emotion (Cromwell and Schultz, 2003; Jensen et al., 2003; Levita et al., 2002; Paton et al., 2006) , recent meta-analyses suggest that activity in NAC/ VS and amygdala is biased toward positive and negative affective experience, respectively (Etkin and Wager, 2007; Wager et al., 2008) . Thus, a plausible interpretation of our mediation results is that two processes are engaged by vlPFC: a negative appraisal process that leads to the generation of negative emotional responses to the stimuli and involves the amygdala, and a positive appraisal process that leads to effective positive reappraisal and involves the NAC/VS. Successful reappraisal therefore involves both dampening activity in the PFC-amygdala pathway and increasing activity in the PFC-NAC/VS pathway.
The idea that the NAC/VS is involved in cognitive emotion change is, to our knowledge, a new development in understanding emotion regulation. Although striatal activity has been implicated in cognitive reappraisal of negative emotion, a functional role for this region has not previously been identified (McRae et al., 2008a; Ochsner et al., 2002 Ochsner et al., , 2004 van Reekum et al., 2007) .
Also of interest is that PFC activity can be related to negative appraisal processes and amygdala increases. This diverges from some findings in other studies of emotion regulation, which have reported negative ventromedial PFC-amygdala connectivity Urry et al., 2006) . These differences may relate to differences in the regulatory strategies employed. For example, one kind of reappraisal accentuates positive These results complement focused searches within a priori subcortical ROIs. For this exploratory analysis, we considered voxels to be significant mediators if statistical significance reached p < 0.005 in each of the three following effects. a path: correlation between vlPFC and voxel activity; b path: correlation between voxel and reported emotional experience, controlling for vlPFC; and a*b path: significant indirect effect, whose magnitude is the product of a and b. All statistics were assessed with bootstrapping (1000 samples) at each voxel. These regions were subjected to subsequent multivariate clustering analysis for grouping into networks. Correlation refers to correlation with reported experience. AMY, amygdala; ITG, inferior temporal gyrus; Isth Cing, cingulate isthmus; LOFC, lateral orbitofrontal cortex; NAC, nucleus accumbens; RACC, rostral anterior cingulate; SGACC, subgenual anterior cingulate; SFG, superior frontal gyrus; VAINS, ventral anterior insula. Other abbreviations are as in Table 1. potential interpretations, as when one imagines that a sick person might soon be well. Another type of reappraisal might blunt the negativity of a stimulus, as when one imagines that an image of a mutilated body was taken on a movie set rather than at the scene of an accident. Finally, a third type might involve dissociation or distancing from the contents of a stimulus. Here, it is noteworthy that our reappraisal training focused largely on generating positive reappraisals. By contrast, prior reappraisal instructions have either given equal emphasis to positive-generation and negative-blunting appraisals Ochsner et al., 2002 Ochsner et al., , 2004 Phan et al., 2005; Urry et al., 2006) or have emphasized distancing and detachment (Eippert et al., 2007; Kalisch et al., 2005) . Linking specific cognitive strategies to separable mediators of regulatory effects and their effects on measures of emotional responding (see Supplemental Data for extended discussion) will be important for future research.
Implications for the Role of PFC in Emotional Appraisal
The finding of both negative and positive appraisal-related pathways also has implications for the role that PFC plays in the generation and regulation of emotion. It is commonly assumed that frontal activation during reappraisal reflects ''cool'' emotiondampening processes (Metcalfe and Mischel, 1999 ). An alternative view is that PFC is involved in the appraisal process itself, with the type of appraisal (positive or negative) determined by the specific cognitions involved (Lazarus, 1991) . Consider that bilateral vlPFC is activated by both positive and negative emotion-induction tasks (often in tandem with subcortical activation; Kober et al., 2008) , that it shows heightened activity in major depression (Drevets et al., 1992 ) that decreases with successful treatment (Brody et al., 1999 (Brody et al., , 2001 Goldapple et al., 2004) , and that its activity increases when both decreasing and increasing negative emotion via reappraisal (Eippert et al., 2007; Kim and Hamann, 2007; Ochsner et al., 2004) . This all supports an ''appraisal-process'' view of the vlPFC. The present findings of positive associations between vlPFC and both amygdala and NAC/VS activity, with opposite effects on reappraisal success, suggest that the information processing performed by the vlPFC (perhaps related to the selection among elements of the scene and/or different possible affective interpretations) both (C) Regions mediated by NAC/VS. Yellow/dark blue: positive/negative effects at p < 0.001, three contiguous voxels; orange/light blue: positive/negative effects at p < 0.005, ten contiguous voxels. BA, Brodmann's Area; DMPFC, dorsomedial prefrontal cortex; FROP, frontal operculum; MFP, medial frontal pole; MOFC, medial orbitofrontal cortex; SGACC, subgenual anterior cingulate; SFS, superior frontal sulcus; Pre-SMA, presupplementary motor area; VLPFC, ventrolateral prefrontal cortex; VMPFC, ventromedial prefrontal cortex. generated negative emotion and mitigated it during reappraisal (for additional discussion, see Supplemental Data). This prefrontal appraisal-process hypothesis helps explain why correlations between PFC and reappraisal success may not have been more commonly reported. If the PFC is associated with both positive and negative appraisals, the two opposing effects can effectively cancel each other out, resulting in weak overall PFC-reappraisal connections. This is known in the path analysis literature as a suppression effect (MacKinnon et al., 2000) . Our findings are consistent with the view that a negative appraisal-related PFC-amygdala pathway suppresses an otherwise strong positive PFC-reappraisal success relationship. The appraisal-process hypothesis also helps understand why few studies have reported correlations between the magnitudes of self-reported emotion and amygdala activity (Abercrombie et al., 1998; Ochsner et al., 2004; Phan et al., 2005; Schaefer et al., 2002) . Here we showed that a strong negative relationship between amygdala and reported emotion was masked by a positive influence on both amygdala and reported emotion from vlPFC, through another pathway (the NAC/VS pathway). This positive influence from PFC effectively obscured the negative amygdala-emotion experience relationship, which was significant but could not be detected until the influence of PFC was removed.
Implications of Network Analyses for Understanding Cognition-Emotion Interactions
It has been increasingly recognized that higher-order cognitive processes like appraisal arise from information processing within large-scale distributed networks (Cole and Schneider, 2007; Kober et al., 2008; Schmitz and Johnson, 2007) . The present paper supported this view in two ways. Our whole-brain MEPM revealed that the amygdala and NAC/VS were parts of two larger networks ( Figure 5B ) that appear to operate in a partially independent manner to support cognitive reappraisal. The first network involved the amygdala and other regions associated with negative emotion, including the lateral OFC, anterior insula, and rdACC (see the Supplemental Data for an extended discussion). The second network involved the NAC/VS and regions implicated in action selection and memory, including the pre-SMA, precuneus, and subgenual and retrosplenial cingulate cortices. The positive association of vlPFC with activity in these two networks is consistent with the idea that that reappraisal success involves both limiting negative appraisals and generating positive appraisal by retrieving appropriate information from memory.
The notion that psychological processes typically map onto distributed systems also suggests that the vlPFC may be part of a larger distributed cortical network involved in cognitive construal. Here, we found evidence supporting that hypothesis. We conducted additional MEPM analyses that specified the amygdala and NAC/VS as mediators and searched for other frontal predictor regions whose impact on reappraisal success was mediated by these subcortical regions. This analysis identified other frontal regions that show the same relationship with subcortical pathways as rvlPFC (Figure 6 ), including left vlPFC, superior frontal sulcus, and regions of medial PFC associated with amygdala reductions in other studies Urry et al., 2006) . Though it was necessary for the MEPM analysis to specify a single seed region-the rvlPFC-these additional analyses provide evidence for distributed prefrontal control networks.
Alternative Models for PFC-Subcortical-Reappraisal Interactions Although this study advances our knowledge of the regions mediating PFC-emotion relationships, it is limited in ways that may fruitfully be addressed in future studies. A chief limitation is that we estimated the mediation effect on the basis of naturally occurring variance over subjects. This is suboptimal since we do not have experimental control over this variability, but under the standard assumptions that all our subjects have the same functional anatomy and that intersubject differences do not affect the coupling between dependent variables, we can interpret our mediation effects in terms of the functional pathways tested here.
However, because we did not experimentally manipulate the brain, alternative path models may also be consistent with the data-particularly those that involve different patterns of causal relationships. For example, amygdala activity related to negative emotional appraisals could perhaps signal the need for regulatory control and trigger activation of the PFC, which in turn activates the negative emotion-reducing NAC/VS pathway. We think this unlikely, however, because the largest projections are from PFC to amygdala rather than vice versa (Pitkanen, 2000) , and there is direct evidence that PFC plays an important role in modulating amygdala responses (Davis, 1992; Milad and Quirk, 2002) , whereas we know of no direct evidence that supports the idea that the amygdala regulates the PFC.
Another alternative involves common influences of unmodeled variables on the variables in the mediation model, which can cause variables to be correlated even without a direct functional anatomical link between the two regions. For example, endogenous variation in diffuse neuromodulatory systems such as dopamine, opioids, etc. could affect both PFC and NAC/VS activity in a similar way, causing activity measures in these regions to be correlated. Future work may serve to address these issues directly by combining the path modeling methods we present here with direct experimental manipulation of the PFC and/or amygdala through brain stimulation, which would allow a stronger basis for drawing causal inferences.
Future studies could also expand on the work we present here by investigating how pathway strength is moderated by other variables, such as clinical diagnosis, personality, genetic differences (Munafo et al., 2008) , and sex (McRae et al., 2008a) . We found that the pathways we report were not moderated by sex (data not shown), but a complete test requires studies designed specifically to target this issue. Likewise, future work could focus on manipulating other aspects of reappraisal, such as the use of different strategies (e.g., cognitive reappraisal versus distraction or self-distancing) and the regulation of different kinds of responses (e.g., to aversive versus appetitive stimuli), which have begun to be addressed in other papers (Eippert et al., 2007; Goldin et al., 2007; Johnstone et al., 2007; Kim and Hamann, 2007; Ochsner et al., 2004; van Reekum et al., 2007) .
Conclusions
In sum, this study shows evidence for a distributed set of lateral frontal, medial frontal, and orbitofrontal regions that together orchestrate reappraisal of the meaning of emotional events. Our results suggest that there are at least two separable pathways linking prefrontal cortical activity with reductions in negative emotion during reappraisal: one through the NAC/VS, which may generate positive appraisals, and one through amygdala, which may generate or enhance negative appraisals. These results suggest that it may be important to consider each of these functional pathways when examining the role of frontal-subcortical systems in emotion.
EXPERIMENTAL PROCEDURES Participants
Thirty healthy right-handed participants (median age = 22.3 years; eighteen female) were recruited in compliance with the human subjects regulations of Columbia University and paid US$20/hour. Handedness was assessed with the Edinburgh Handedness Inventory, and eligibility was assessed with a general health questionnaire and fMRI safety screening form.
Materials and Procedures
Stimuli and Task Conditions Forty-eight aversive images were selected from the International Affective Picture Set (IAPS; Lang et al., 1993 ; mean normative valence = 2.24, mean normative arousal = 6.28). The images were a subset of those used in Ochsner et al. (2004) . Twenty-four neutral images were also selected from the set (valence = 5.27, arousal = 3.51). An additional set of 18 aversive images and 7 neutral images was used during a training session. These images were presented during fMRI scanning ($12 visual angle), and participants viewed each image only once. Images were grouped into three conditions. In the LookNeu condition, participants viewed neutral images. In the LookNeg condition, participants viewed aversive images. In both conditions, participants were asked to view the image, understand its content, and allow themselves to experience/feel any emotional response it might elicit. In the ReappNeg condition, participants viewed aversive images, and were asked to reappraise the emotional value of those images so that the emotional impact was less negative. More specifically, they were instructed to generate a positive interpretation of the scene depicted in each picture that reduced the emotional impact, as in previous published work from our laboratory (Ochsner et al., 2002 (Ochsner et al., , 2004 . A comprehensive prescanning training procedure was used to assure that participants understood the cue-task associations and the reappraisal strategy (see Supplemental Data). The assignment of negative images to conditions was randomized and counterbalanced across subjects.
Before presentation of each image, participants viewed a cue that signaled both the image type (aversive or neutral) and the instruction type (Look or Reappraise). Cues were white shapes-a circle, a square, and a triangle ($0.5 visual angle; see Figure S1 )-presented on a black background. The assignment of shape to condition was counterbalanced across participants. fMRI Task Design Previous studies of reappraisal have not separated brain activity related to anticipation and instruction processing, stimulus viewing, and picture rating, and a goal of our task design was to provide the ability to estimate separately brain activation magnitude related to each of these three phases of the image viewing and rating process. To accomplish this, a partial trial design was employed (Ollinger et al., 2001; Stern et al., 2007) . Within each task condition, LookNeu, LookNeg, and ReappNeg, three different trial types were used: full trials, anticipation-only trials, and stimulus-only trials (see Figure S1 ).
On full trials, a 2 s condition cue was followed by a 4 s anticipatory interval during which a fixation cross was presented on the screen. The image was subsequently presented for 8 s. Following image presentation, a fixation cross was presented during a 4 or 7 s jittered interstimulus interval (ISI; uniform distribution of 4 and 7 s intervals). Following the ISI period, the words ''how negative do you feel?'' appeared onscreen for 2.1 s, and participants were asked to rate negative affect on a five-point scale by pressing a button with one of five fingers on a button-response unit (1 = ''not at all negative,'' indicated by a thumb button press, up to 5 = ''extremely negative,'' indicated by a fifth-finger button press). Following the rating, a 4 or 7 s jittered ISI concluded the trial.
The anticipation-only trials consisted of cue, anticipatory, and rating intervals. The stimulus-only trials were identical to the full trials, except that the 4 s anticipation interval was omitted. This design allowed us to construct predictors for Cue-, Anticipation-, and Image-related brain activity related to each task condition in the General Linear Model (GLM) that were uncorrelated enough to provide efficient estimates of activation in each phase of the trial for each emotion condition (see Supplemental Data). Negative emotion ratings did not differ between full and stimulus-only trials (see Supplemental Data).
Data Acquisition and Analysis
For space reasons, fMRI acquisition and analysis procedures are described only briefly here. Details on all procedures are provided in the Supplemental Data.
Whole-brain fMRI data were acquired on a 1.5T GE Signa Twin Speed Excite HD scanner (GE Medical Systems). Functional and anatomical images were acquired with a T2*-sensitive EPI BOLD sequence with a TR of 2000 ms, TE of 40 ms, flip angle of 60 , field of view of 22 cm, 24 slices, and 3.44 3 3.44 3 4.5 mm voxels. Stimulus presentation and data acquisition were controlled using E-Prime software (PST Inc.). An LCD projector displayed stimuli on a backprojection screen mounted in the scanner suite. Responses were made with the right hand via a five-finger button-response unit with a molded hand brace (Avotec Inc. and Resonance Technologies). Functional images were subjected to standard preprocessing using FSL (FMRIB Centre, University of Oxford) and SPM2 (Wellcome Department of Cognitive Neurology, UCL) software, and first-level (within-participant) statistical analysis using SPM2. Briefly, separate regressors in the GLM were specified for fMRI responses to the cue, anticipation, stimulus viewing, and rating response periods. Values for the [ReappNeg image viewing À LookNeg image viewing] contrast were subjected to second-level robust random effects analysis (Wager et al., 2005) to localize regions activated during reappraisal and regions in which activity correlated with reappraisal success.
The MEPM analysis is based on a standard three-variable path model (Baron and Kenny, 1986 ) with a bootstrap test for the statistical significance of the product a*b (Efron and Tibshirani, 1993; Shrout and Bolger, 2002) , as diagrammed in Figure 1 . MEPM analysis was conducted on [ReappNeg À LookNeg] contrast values. For ROI analyses in amygdala and NAC, the primary chosen threshold of p < 0.005 controlled the false positive rate below p < 0.05 corrected in each ROI.
The same threshold was used for exploratory whole-brain mediation analyses, which located multiple candidate mediators of the vlPFC-reappraisal success relationship. After locating multiple regions that were positive and negative mediators of the vlPFC-reappraisal success relationship, we sought to identify functional networks of interconnected regions. We adopted a procedure of principle components analysis-based dimension reduction followed by clustering of regions into functional networks used in several previous papers Wager et al., 2007) . This procedure used a nonparametric permutation test to assess whether there is significant grouping of regions into clusters (networks), and to identify brain regions that belong to each network. The null hypothesis of no interregion clustering was rejected, and a two-cluster solution provided the best fit, suggesting that there may be at least two independent functional networks related to reappraisal success. To test whether these networks were independent mediators of reappraisal success, we calculated average fMRI contrast values across voxels belonging to each network for each participant, and entered average values for each of the two networks as mediators in our path models.
In a final analysis, we used the MEPM approach to localize frontal regions whose relationship with reappraisal success was mediated by subcortical activity. We performed voxel-wise searches for frontal regions whose [ReappNeg À LookNeg] contrast values were mediated (significant a*b effect) by average contrast values over voxels in the amygdala or NAC/VS.
SUPPLEMENTAL DATA
The Supplemental Data for this article include one table, five figures, a Supplemental Discussion, and Supplemental Experimental Procedures and can be found online at http://www.neuron.org/cgi/content/full/59/6/1037/DC1/.
